Bacterial growth efficiency (BGE) is the proportion of assimilated carbon that is converted into 1 4 biomass and reflects the balance between growth and energetic demands. Often measured as an aggregate property of the community, BGE is highly variable within and across ecosystems. To
INTRODUCTION
In most ecosystems, heterotrophic bacteria play a pivotal role in determining whether organic 3 2 carbon is respired and thus lost as CO 2 or is instead converted into biomass and retained in food webs (Pomeroy et al. 1998; Ducklow 2008) . Many factors control how bacteria process carbon, 3 4 but perhaps the most important is reflected in measurements of bacterial growth efficiency (BGE) . BGE is the proportion of assimilated organic carbon that is converted into bacterial 3 6 biomass (del Giorgio and Cole 1998). When BGE is high, more carbon is turned into biomass where it can be retained for longer periods of time while also serving as a source of energy for 3 8 other members of the food web. In contrast, when BGE is low, microbially assimilated carbon has a shorter residence time and is released back to the environment as CO 2 . and energetic demands. As such, bacterial growth strategy is predicted to constrain BGE via physiological trade-offs (Litchman et al. 2015) . For example, it has been hypothesized that 4 8 across our isolates, we measured BGE for each isolate when cultured on one of three different carbon substrates: glucose, succinate, or protocatechuate (Fig. 2) . These carbon sources were 1 0 8 chosen based on differences in their bioavailability and structure but also the required pathways for metabolism (see Fig. 2 ). 1 1 0
To determine BGE we measured bacterial respiration and production rates and then calculated BGE as BP/(BP = BR), where BP is bacterial productivity and BR is bacterial 1 1 2 respiration (del Giorgio and Cole 1998). BP and BR were measured using triplicate cultures of each isolate. Cultures of each isolate were grown in R2 broth (BD Difco, Sparks Maryland, 1 1 4 USA) until mid-log phase. We then transferred 100 µL of culture into 10 mL of M9 with the appropriate carbon source (25 mM C) and allowed 24 h for the cultures to acclimate. We then 1 1 6 transferred 100 µL of culture into 10 mL of fresh carbon-amended M9 and incubated 1-3 h to replenish nutrients. Using these transfers, we were able to establish populations of each isolate at 1 1 8 target cell densities between 10 4 and 10 5 cells mL −1 . We used the populations to measure BP and BR, which were normalized to cell density using plate counts of colony forming units. We 1 2 0 measured BP using the 3 H-Leucine assay (Smith and Azam 1992) with 1.5 mL of culture. We added 3 H-Leucine to a final concentration of 50 mM and incubated for 1 h. Following 1 2 2 incubation, we terminated production with trichloroacetic acid (final concentration 3 mM) and measured leucine incorporation using a liquid scintillation counter. We measured BR using an 1 2 4 automated O 2 measurement system (PreSens Sensor Dish System, PreSens, Regensburg, Germany) on 5 mL of culture based on the rate O 2 consumption during three-hour incubations. 1 2 6
We estimated BR as the slope of O 2 concentration during the incubation using linear regression.
We used theoretical respiratory quotients for each resource to convert O 2 depletion into C 1 2 8 respiration assuming aerobic growth.
3 0
Taxonomic and Phylogenetic Relationships -We compared differences in BGE across isolates and resources using linear models. First, we used a taxonomic framework to compare 1 3 2 BGE between isolates (Lennon et al. 2012 ). Isolates were classified into taxonomic groups based on the species tree constructed in ARB. We then used mixed linear models to compare BGE 1 3 4 across taxonomic groups and resources. To test the hypothesis that taxonomy (i.e., at the class level) affects BGE, we nested resources within isolate. To test the hypothesis that resource 1 3 6 identity affects BGE, we nested isolates within resource. We identified the best statistical models based on the variation explained (R 2 ) and AIC values. Second, we tested if phylogenetic 1 3 8 relationships between isolates explained differences in BGE across isolates. We created a phylogenetic tree based on the full-length 16S rRNA gene sequences. We aligned sequences 1 4 0 using the SINA aligner (Pruesse et al. 2012) and checked alignments using ARB. We generated a phylogenetic tree using the CIPRES science gateway (Miller et al. 2010 Second, to test whether BGE was affected by niche breadth, we generated carbon usage 1 6 8 profiles using BioLog EcoPlates TM (Garland and Mills 1991). The EcoPlate is a phenotypic profiling tool consisting of 31 unique carbon sources. In addition to the carbon source, each well 1 7 0 contains a tetrazolium dye, which in the presence of NADH will be reduced and change color.
We used this colorimetric assay to generate carbon usage profiles for each strain. We 1 7 2 standardized profiles for each strain by subtracting water blanks (average water blank + 1 SD), and relativizing across substrates. Using these data, we calculated resource niche breadth using 1 7 4
Levin's Index (Colwell and Futuyma 1971).
7 6
Genomic Comparisons -To test the hypothesis that variation in metabolic pathways could explain differences in BGE, we compared the genomes of each isolate. First, we determined the 1 7 8 metabolic pathways found in the genome of each isolate. We characterized each isolate using whole genome sequencing. Genomic DNA libraries for each isolate were prepared using the To test the hypothesis that metabolic pathways affect BGE, we used multivariate methods 1 9 4
to compare the pathways of each isolate. First, we used PERMANOVA to determine if there were differences in pathways associated with different levels of BGE. When significant 1 9 6
differences were found, we used indicator species analysis (Dufrene and Legendre 1997) to determine which metabolic pathways contributed to group differences in BGE. Next, to 1 9 8 determine if metabolic pathways could explain differences in BGE within a group, we used distance-based redundancy analysis (dbRDA) which is a multivariate technique that tests if a 2 0 0 quantitative predictor can explain differences in multivariate datasets (Legendre and Legendre 2012). Because we scored pathways as present or absent, metabolic distances between isolates 2 0 2 were calculated using the Jaccard Index. We tested for significance using a permutation test. If the dbRDA model was significant, we used Spearman's rank-order correlation to test for 2 0 4 correlations between BGE and individual metabolic pathways. We used the vegan R package Resource Effects -To test the hypothesis that resources have different effects on components 2 0 8 of metabolism that affect BGE, we used a linear model to test for a relationship between BR and 1 0 variable and respiration rate as the independent variable. We used an indicator variable linear regression to test for changes in BP rate due to BR. We included resource identity and group 2 1 2 (high-versus low-BGE) as the categorical predictors and BR as the continuous predictor (Lennon and Pfaff 2005) . In addition, we included all interactions terms. Respiration and 2 1 4 production rates were log 10 -transformed to meet model assumptions. Last, to determine if the relationship between BR and BP rates was isometric (proportional scaling, slope = one) or 2 1 6 allometric (disproportional scaling, slope ≠ one), we used a one-sample t-test to determine if the slope was different from one. All statistical tests were conducted in the R statistical environment. Based on Blomberg's K, there was weak phylogenetic signal of BGE among our isolates.
We did not detect phylogenetic signal for BGE when isolates used succinate (K < 0.001, p = 2 3 2 0.316) or protocatechuate (K < 0.001, p = 0.257), but there was a significant phylogenetic signal when isolates used glucose (K < 0.001, p = 0.04). Based on Hartigan's dip test, we found that 2 3 4 there was a bimodal distribution of BGE among our isolates (D = 0.07, p = 0.58, Supp. Fig. 1 ).
Using this distribution, we split isolates into two groups, which we define as the "high BGE", 2 3 6
and "low BGE" groups.
3 8
Phenotypic Comparisons -Using linear models, we found phenotypic differences between isolates that were related to BGE. While there was no relationship between BGE and µmax (F 1,7 2 4 0 = 0.51, r 2 = 0.06, p = 0.50) in the low-BGE group of bacteria, we did identify a significant negative relationship between BGE and µmax for the high-BGE group of bacteria (F 1,7 = 9.52, r 2 2 4 2 = 0.54, p = 0.015), and BGE decreased 2.58 % for each per minute increase in µmax. In contrast to our predictions, there was no relationship between niche breadth (Levin's Index) and BGE for 2 4 4 the low-BGE group (F 1,7 = 1.47, r 2 = 0.17, p = 0.27) or high-BGE group (F 1,7 = 0.92, r 2 = 0.11, p = 0.37). 2 4 6
Genomic Comparisons -We found genomic differences between isolates that were related to 2 4 8 BGE. First, isolates in the high-BGE group had 13 % more metabolic pathways than isolates in the low BGE-group (m high = 72, m low = 64, t-test: t 18 = -2.36, p = 0.03). Second, the genomes of 2 5 0 the low-BGE group and high-BGE group contained different metabolic pathways (PERMANOVA, R 2 = 0.14, p = 0.008). Although we were unable to account for variation in the 2 5 2 metabolic pathways using BGE in the high BGE isolates (dbRDA: F 1,7 = 1.05, R 2 = 0.13, p = 0.39), there was a marginally significant relationship between metabolic pathway composition 2 5 4 and BGE in isolates belonging to the low-BGE group (F 1,7 = 2.15, R 2 = 0.18, p = 0.08) despite the fact that correlations between individual metabolic pathways and BGE were weak (all rho 2 5 6 values < |0.7|).
5 8
Resource Effects -Indicator variable linear regression revealed a positive relationship between respiration and production rates ( Fig. 5 , F 9,42 = 4.92, R 2 = 0.51, p < 0.001) with there being a 2 6 0 higher y-intercept for the high-BGE group of isolates (Table 1) . Resource identity had no effect on the BR-BP relationship, but we did find a significant interaction between the resource 2 6 2 protocatechuate and group (Table 1) . Last, we did not find evidence that the slope of the BR-BP relationship was different from one (t 42 = -0.26, p = 0.79) suggesting that the two measures of 2 6 4 bacterial metabolism scale proportionately with one another. 
DISCUSSION
We measured bacterial growth efficiency (BGE) in 20 environmental bacterial isolates on three 2 6 8 resources that varied in their bioavailability, structure, and pathways required for metabolism.
While BGE varied among strains, phylogenetic relatedness did not statistically explain 2 7 0 differences in efficiency. Instead, a substantial amount (20 %) of the variation in BGE could be explained by an isolate's taxonomic order while a much smaller amount of the variation (7 %) 2 7 2 could be attributed to resource identity (Fig. 3) . We found evidence for a predicted trade-off between maximum growth rate and BGE, but only on the most labile resource (glucose) (Fig. 3 ).
7 4
Even though we found that resource identity explained 63% of the variation in BGE within an isolate, resource identity did not alter the relationship between respiration and production rate 2 7 6 observed across isolates (Fig. 5 ) suggesting that resource identity has a stronger effect on BGE within a species than across species. Together, we propose that growth efficiency is a 2 7 8 physiological trait independent of resource identity, but resource characteristics may modify species-specific physiological performances. We propose that taxonomic groups of bacteria may 2 8 0 have fundamentally different growth efficiencies such that changes in community composition may alter the fate of carbon resources (i.e., biomass versus CO 2 ) within the ecosystem. Our results indicate that there are species-specific properties regulating BGE, which may be conserved at higher taxonomic levels. This conclusion is consistent with the view that BGE 2 8 6 represents a complex bacterial trait (i.e., aggregate property of numerous cellular functions) with ecological significance, and that different groups of bacteria have fundamentally different 2 8 8 strategies for carbon allocation. Our phylogenetic analyses suggest that BGE may be an overdispersed trait (at least with glucose) such that the efficiency of closely related bacteria may be 2 9 0 less similar than expected. One potential explanation for this pattern of over-dispersion is that our culture collection lacked phylogenetic resolution within some of our taxonomic groups (e.g., 2 9 2 Betaproteobacteria) or that the variation in BGE within a taxonomic group (e.g., order) may not be the same across taxonomic groups. Alternatively, BGE may not be a phylogenetically Therefore, it is possible that BGE may be similar to traits such as complex carbon metabolism 2 9 8 that are not deeply conserved, which appears to be common among complex traits (Martiny et al.
2015)
. Regardless, our data reveal that BGE is a complex bacterial trait that is influenced by 3 0 0 taxonomic affiliation. As such, it may be possible to make predictions about BGE and other ecosystem functions given information about composition of resident microbiomes (Goberna and 3 0 2 Verdú 2016).
0 4

Bacterial Growth Efficiency on Different Resources
Differences in resource complexity and the metabolic pathways required for degradation may 3 0 6 explain species-specific differences in BGE due to resource identity. Within an isolate, resource identity accounted for 63 % of the variation in BGE. Given that different resources are processed 3 0 8 via different metabolic pathways, resource-based variation in BGE within a species is expected. For example, BGE was higher when isolates were supplied with glucose compared to when they 3 1 0 were supplied with protocatechuate. Glucose is a simple sugar that is able to be metabolized by numerous pathways and converted to acetyl-CoA (White et al. 2012). Protocatechuate, on the 3 1 2 other hand, is a complex aromatic compound that requires a specific metabolic pathway to be converted to acetyl-CoA. Furthermore, because protocatechuate is chemically more complex, it 3 1 4 requires more energy (i.e., ATP) to be degraded than more labile resources such as glucose (Harwood and Parales 1996) . Therefore, resource complexity and the metabolic pathways 3 1 6 required may explain the within-isolate variation in BGE. However, across isolates, we did not find resource-specific differences in the relationship between respiration and production rate ( Fig  3  1  8 5, Table 1 ). Such findings suggest that energetic demands required to use different resources may also be species-specific trait. That is, the energetic demands for individual species may be highly 3 2 0 constrained and therefore not change much when growing on different resources. Together, these findings suggest that the effect of resources on the efficiency of entire microbiomes may depend 3 2 2 on the composition of bacteria consuming those resources.
2 4
Bacterial Growth Efficiency Groups
Across all isolates, we found a bimodal distribution of BGE suggesting that there were two 3 2 6 distinct groups with contrasting efficiencies. One group had low BGE (<5 %) across all treatments, and the other group ranged in BGE from 7-30 % (Fig. 4 & 5) . Although, the range of 3 2 8 BGE measured across isolates is similar to the range observed in many ecosystems (del Giorgio and Cole 1998), our results suggest that some species of bacteria grow relatively inefficiently, 3 3 0 irrespective of resource quality. One explanation is that the minimum cellular energetic demand (i.e., cellular maintenance costs) is higher in some bacteria than others (Russell and Cook 1995). Alternatively, nutrient concentrations (e.g., phosphorus) and other physical properties (e.g., temperature) may regulate efficiency (Smith and Prairie 2004) and the effects of these properties 3 3 6 may be species-specific. As such, it is possible that maintenance costs, resource imbalances, and the physical growth conditions affected BGE of our isolates. Differences in low-BGE and high-3 3 8 BGE isolates was also reflection in genomic content, including the number and presence-absence of metabolic pathways. Together, these findings suggest that there are fundamental differences 3 4 0 between bacterial species that determine BGE, which can be predicted based on genomic content. 3 4 2
Physiological Trade-Offs 3 4 4
We found evidence to support a predicted trade-off between maximum growth rate and BGE ( Fig. 4) , which is predicted across microbial and non-microbial systems (Glasser 1984 ; Roller 3 4 6
and Schmidt 2015). Theoretical models of microbial communities predict a rate-efficiency tradeoff (Allison 2014), and this trade-off has been observed across microbial taxa (Lipson 2015) . 3 4 8
Physiologically, the trade-off is based on allocation constraints imposed by the balance between energy requirements and biomass yield: organisms with higher maximum growth rates may have 3 5 0 more energetic requirements and thus lower BGE (Russell and Baldwin 1979; Russell and Cook 1995). Furthermore, processes that limit respiration, such as oxygen availability, have been 3 5 2 shown to suppress bacterial growth rate (Meyenburg and Andersen 1980). Therefore, respiration rate is likely a major control on biomass production and BGE. Consistent with this, we observed 3 5 4 a power-law relationship between respiration and production rates ( Fig. 5 ; Table 1 ). Furthermore, this relationship between respiration and production and the non-zero intercept 3 5 6
suggest that there is a minimum respiration rate required before any biomass can be produced, which is commonly interpreted as the cellular maintenance requirement. Therefore, it is possible 3 5 8 that the maintenance energy demand of bacterial species explains the physiological trade-off between maximum growth rate and growth efficiency. Theory also predicts a trade-off between resource niche-breadth and growth efficiency (Glasser 1984) . This trade-off is based on the assumption that there is an energetic cost to 3 6 2 maintaining numerous metabolic pathways (Johnson et al. 2012 ). As such, species with more metabolic pathways should have more energetic requirements and thus lower BGE; although, the 3 6 4 effects of genome reduction has been debated (Giovannoni et al. 2005; Livermore et al. 2014) . In this study, we did not find evidence of a trade-off between resource niche breadth and BGE (Fig.  3  6  6 4). One possible explanation is that the resources used in our phenotypic assay (i.e. Ecolog plates) did not reflect the full metabolic potential of our isolates. Alternatively, there may not be 3 6 8 a strong trade-off between niche breadth and efficiency, but further experiments with additional isolates and resources would be required to test this prediction more rigorously. 3 7 0
Genomic Signatures 3 7 2
In addition to the physiological differences documented among our isolates, we found genomic evidence of metabolic pathways that are associated with BGE. Specifically, we found genomic 3 7 4 differences between isolates that belong to low-BGE and high-BGE groups. We discovered that isolates in the high-BGE group had 13 % more metabolic pathways than the low-BGE group. 3 7 6
Furthermore, we identified particular pathways that were unique to each group (Table 2) .
Together, our findings suggest that there are genomic features that may contribute to or regulate 3 7 8
BGE.
In general, the genomic composition of BGE groups appear to reflect differences in cellular 3 8 0 biosynthesis. It is possible that species with particular biosynthesis pathways may generate essential cellular components with less energetic demand. For example, the low-BGE isolates 
Conclusion
At the cellular level, BGE reflects the balancing energetic and cellular growth demands. We find 3 9 6 evidence of this based on physiological trade-offs (i.e., maximum growth rate) as well as metabolic pathways. As such, changes in community composition and resource availability have 3 9 8 to potential to alter food web and ecosystem function due to changes in BGE. For example, communities dominated by species with low BGE should yield a net release of CO 2 from the 4 0 0 ecosystem. Alternatively, communities comprised of individuals with high BGE should yield a net increase in ecosystem productivity. However, variation in BGE can arise within a species due 4 0 2 to the ways in which it processes different resources. Therefore, changes in the resource supply will alter the performance of individual taxa, but we predict that these changes will not be as 4 0 4 strong as changes in BGE that arise owing to differences in community composition. A traitbased approach can be used to provide a mechanistic link between the structure and function of 4 0 6 bacterial communities. pathways identified from genome sequencing and predicted using Maple. Prob. = probability statistic from indicator species analysis: the probability that the "species" (i.e., pathway), is not 5 8 0 unique to the group.
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